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Molecular aspects of renal tubular handling and regulation of of these compounds leads to an increase in their urinary
inorganic sulfate. excretion [2]. Sulfation also activates a number of endog-
The renal proximal tubular reabsorption of sulfate plays an enous compounds such as heparin, gastrin, cholecystoki-important role in the maintenance of sulfate homeostasis. Two
nin, and heparan sulfate. Finally, sulfate is also necessarydifferent renal sulfate transport systems have been identified
for the biosynthesis of structural components of mem-and characterized at the molecular level in the past few years:
NaSi-1 and Sat-1. NaSi-1 belongs to a Na1-coupled transporter branes and tissues, such as sulfated glycosaminoglycans
family comprising the Na1-dicarboxylate transporters and the present in proteoglycans. Proteoglycans represent the
recently characterized SUT1 sulfate transporter. NaSi-1 is a largest group of sulfoconjugates, and proteoglycan sul-Na1-sulfate cotransporter located exclusively in the brush bor-
fation is essential to maintain their properties requiredder membrane of renal proximal tubular and ileal cells. Re-
for the maintenance of normal structure and function ofcently, NaSi-1 was shown to be regulated at the protein and
mRNA level by a number of factors, such as vitamin D, dietary tissues. This has been strikingly demonstrated by the
sulfate, glucocorticoids and thyroid hormones, which are identification of mutations in a sulfate transport protein
known to modulate sulfate reabsorption in vivo. The second gene (DTDST, for DiasTrophic Dysplasia Sulfate Trans-member of renal sulfate transporters, denoted Sat-1, belongs
porter) in three different types of osteochondrodyspla-to a family of Na1-independent sulfate transporter family com-
sias, diastrophic dysplasia, type IB achodrongenesis, andprising the DTDST, DRA and PDS genes. Sat-1 is a sulfate/
bicarbonate-oxalate exchanger located at the basolateral mem- type II atelosteogenesis [3–5]. Each of these chondrodys-
brane of proximal tubular epithelial cells and canalicular sur- plasias is associated with undersulfation of cartilage pro-
face of hepatic cells. Contrary to NaSi-1, no physiological factor
teoglycans. The severity of the phenotype appears to behas been found to date to regulate Sat-1 gene expression. Both
correlated with the predicted effect of the mutations onNaSi-1 and Sat-1 transporter activities are implicated in patho-
physiological states such as heavy metal intoxication and the residual activity of the DTDST protein, that is, on
chronic renal failure. This review focuses on recent develop- the intracellular sulfate concentration.
ments in the molecular characterization of NaSi-1 and Sat-1 Sulfation of all naturally occurring sulfated compounds,
and the mechanisms involved in their regulation.
including proteoglycans, depends on the availability of
intracellular inorganic sulfate concentration. The inor-
ganic form of sulfate account for 90 to 95%, whereasInorganic sulfate, one of the most abundant anions in
sulfoconjugates represent only 5 to 10% of total bodymammalian plasma, is a highly dissociated, hydrophilic,
sulfate. Inorganic sulfate is the precursor of 39-phospho-divalent anion required for normal cellular function. Sul-
adenosine 59-phosphosulfate (PAPS), the activated formfate is involved in many physiological processes and in
of sulfate and substrate of the sulfotransferases [6]. Intra-particular is utilized in the sulfation of a variety of exoge-
cellular inorganic sulfate concentration depends on thenous and endogenous compounds [1]. Sulfate conjuga-
activity of specific sulfate transporters (such as DTDST)tion of xenobiotics such as steroids, anti-inflammatory
and on extracellular inorganic sulfate concentration. Inagents, and adrenergic blockers and stimulants, results
this regard, we have recently demonstrated that vitaminin their biotransformation. In most cases, the sulfation
D status modulates plasma sulfate concentrations, and
as a result, may influence the amount of inorganic sulfate
Key words: sulfate, kidney, NaSi-1, Sat-1, Na-sulfate cotransporters. available for intracellular sulfation of proteoglycans.
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availability of inorganic sulfate produced by acquired or
inherited defects may also result in abnormal sulfation
of sulfoconjugates.
In spite of its clear importance, sulfate levels are al-
most never measured in clinical practice, little is known
about the factors that regulate sulfate homeostasis in
mammals, and the possible implication of alteration in
sulfate metabolism in the pathogenesis of human dis-
eases is largely unexplored. Sulfate requirements in hu-
man and other mammalian species appear to change as a
function of growth and age. Plasma sulfate concentration
has been reported to decrease as a function of age (from
0.47 mmol/L at birth to 0.33 mmol/L in adulthood)
Fig. 1. Schematic representation of membrane localisation of NaSi-1[9–12]. A slight decrease has been described during pu-
and Sat-1 sulfate transporters in the renal proximal tubular cell. NaSi-1berty, while a slight increase occurs after 45 and 75 years
is located at the apical side of the cell and functions as a Na1-coupled
in men and women, respectively. Values do not vary sulfate cotransporter, with a stoichiometry of 3:1 for the transport pro-
cess [36]. Sat-1 is located at the basolateral side of the tubular proximalsignificantly between sex. In women, variations in sul-
cell and functions as a sulfate/bicarbonate-oxalate exchanger.fatemia during the menstrual cycle (increase during the
first two weeks of the cycle with a peak at 14 and 15
days) and during the menopause (decrease) have been
reported [13]. Sulfatemia is increased in women in the recently identified and shown to be expressed in vein-
third trimester of pregnancy. ules in the placenta. The second family comprises anion
Body sulfate homeostasis results from the balance be- exchangers, the prototype of which is a sulfate/oxalate-
tween diet, intestinal absorption and renal excretion. bicarbonate anion exchanger (Sat-1). Sat-1 was first
Sulfate supply from the diet can vary from 1.5 to 16 mmol isolated by expression cloning from a rat liver cDNA
of sulfate per 24 hours [14], from which 90 to 95% are library, and subsequently shown to be expressed in the
absorbed along the intestine, mainly in the distal ileum renal proximal tubule. The other members of this family
[9]. Sulfate transport on the apical side of ileal entero- are the ubiquitously expressed DTDST, discussed above,
cytes is mediated by a high affinity low capacity Na1-
and the DRA (down regulated in adenoma), a chloride-
dependent sulfate transporter [14–16]. Transport of sul-
sulfate exchanger expressed in the colon.
fate from the cell to the extracellular compartment through
The NaSi-1 and Sat-1 transporters have been localizedthe basolateral membrane is thought to be mediated by
to the apical and basolateral membrane of proximal tu-a sulfate/chloride exchanger [17–19]. Despite large varia-
bular epithelial cells, respectively (Fig. 1) [27–29], andtions of intestinal sulfate intake, plasma sulfate concen-
have been hypothetized to play a major role in the regu-tration is fairly constant over a 24 hour period [20].
lation of body sulfate homeostasis by mediating sulfateIn humans, the maintenance of sulfate homeostasis is
entry and exit from the proximal tubular cells. In thelargely determined by the kidney. Sulfate is freely filtered
present review, we will discuss the molecular identifica-at the glomerulus and reabsorbed in the proximal tubule.
tion and properties of NaSi-1 and Sat-1, their physiologi-Under physiological conditions, tubular sulfate reab-
cal regulation, and their implication in different patho-sorption works near the maximal rate, with only 5 to
physiological states.20% of the filtered load being excreted in the urine [21].
If plasma sulfate concentration increases, the filtered
load of sulfate quickly exceeds the maximal tubular reab- RENAL SULFATE TRANSPORT SYSTEMS
sorption and non-reabsorbed sulfate is highly excreted
NaSi-1 cotransporterin the urine. Transepithelial transport of sulfate from
Cloning and structural properties. Isolation of the firstthe renal lumen to the blood compartment involves entry
mammalian sulfate transporter was achieved in 1993 bythrough the brush border membrane (BBM) by a Na1-
the use of the Xenopus oocytes expression cloning sys-dependent transport system [22–25], translocation across
tem [30]. This transporter, isolated from a rat kidneythe cell, and finally efflux across the basolateral mem-
cortex cDNA library, was shown to encode a Na1-cou-brane by an anion exchange mechanism [19, 26].
pled sulfate transporter and was named NaSi-1 for Na-In recent years, two main families of sulfate transport-
sulfate cotransporter-1 [30]. Northern blot analysis showsers have been identified in vertebrates. The first family
signals of 2.3 and 2.9 kb in rat kidney and ileum. Thecomprises Na1-coupled SO224 transporters, the prototype
NaSi-1 transporter expressed in ileum has been isolatedof which is NaSi-1, expressed in the renal proximal tu-
bule. SUT-1, another member of this family, has been by homology cloning and appears to be identical to the
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Fig. 2. Predicted secondary structure of rNaSi-1 based on the hydopathy plot and using the TopPred2 computer program. The NH2 terminus is
predicted to be inside the cell, putative glycosylation site (aa 590) is indicated by a Y, potential phosphorylation sites located at the cytoplasmic
surface are indicated. Symbols are: (d) protein kinase C phosphorylation site; (s) protein kinase A phosphorylation site.
renal NaSi-1 [31]. The NaSi-1 cDNA encodes for a pro- secondary structure of NaSi-1, only the Asn residue lo-
cated at the C-terminus, is suggested to be extracellulartein of 595 amino acids (66 kD). In vitro translation of
NaSi-1 cRNA results in a protein of the expected size (Fig. 2). If exact, this observation would be consistent with
previous findings showing that core glycosylation led to aand suggests glycosylation. Recently, we identified ho-
mologous proteins in mouse [32] and humans (unpub- modest 3 to 4 kD upward shift on SDS-PAGE, suggesting
that N-glycosylation occurs on only one of the threelished data). The mouse (mNaSi-1) and human (hNaSi-1)
NaSi-1 cDNAs encode proteins sharing 94% and 83% putative N-glycosylation sites of rNaSi-1 [30]. NaSi-1 also
contains one putative protein kinase A and four (human)identity with the rat NaSi-1 (rNaSi-1), respectively.
Secondary structure prediction of the NaSi-1 protein or five (mouse/rat) putative protein kinase C phosphory-
lation sites, for which the functional significance stillbased on hydropathy analysis and the inside positive rule
predicts the presence of 13 transmembrane segments needs to be determined.
Na1-sulfate cotransporters superfamily. Homology(Fig. 2). The N-terminal leader does not contain any
discernible signal sequence and is predicted to be inside searches of protein sequence databases with NaSi-1 pro-
tein reveals significant homology to approximately 20the cell, whereas the COOH terminus is placed extracel-
lularly. This model contrasts with the secondary structure other proteins. These sequences are found across a large
taxonomic span—including animals, plants, yeast andprediction of rNaSi-1 protein, which was initially pre-
dicted to contain eight transmembrane segments [30]. bacteria—although the closest relatives are the recently
reported human Na1-sulfate cotransporter SUT-1 (48%The difference is not due to a different protein structure
based on amino acid sequence, but due to the prediction identity) [33] and the Na1-dicarboxylate cotransporters
(NaDC and SDCT) sharing ,32 to 43% protein se-method used. However, it should be noted that direct
experimental evidence for the existence of such mem- quence identity with NaSi-1 (Table 1). Of particular in-
terest is a consensus pattern previously established forbrane topologies is missing. The NaSi-1 proteins contain
three (rat and mouse) or four (human) consensus sites Na1-coupled symporters (PROSITE PS01271) known as
the “Na1-sulfate signature,” present in the carboxy ter-for N-linked glycosylation. However, due to the predicted
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minal region of the proteins and showing a very high de-
gree of homology among the related proteins (Table 1).
The exact function of this region is yet to be determined.
However, it is interesting to note that protein chimeras
containing the first four transmembrane domains of
NaSi-1 and the last seven transmembrane domains of
NaDC-1 retained the substrate selectivity for NaDC-1,
but not for NaSi-1 [34]. Along the same line, the C-ter-
minal half of the Na1-glucose cotransporters SGLT1 and
SGLT2 were shown to contain residues that determine
substrate affinity [35]. It is therefore possible that the
highly conserved “Na1-sulfate signature” present in
NaSi-1 plays an important role for substrate specificity.
Phylogenetic analysis shows that human, mouse and rat
NaSi-1s are closely related, and that together with SUT-1
constitute a distinct protein family belonging to a super-
family of Na1-coupled membrane proteins that include
the Na1-sulfate and Na1-dicarboxylate cotransporters.
Functional properties. The NaSi-1 transporter has
been identified on the basis of its Na1-dependent sulfate
transport function [30]. The transport properties of the
different NaSi-1 transporters have been studied in oo-
cytes, in different transfected cell lines expressing the
transporter and by electrophysiological techniques with
oocytes [32, 36–38]. The NaSi-1 transporter leads to an
augmented Na1-dependent tracer sulfate uptake when
expressed in either oocytes or Madin-Darby canine kid-
ney (MDCK) cells. The characteristics of the NaSi-1-
mediated Na1-sulfate cotransport is summarized in Ta-
ble 2. These data, and in particular the work of Busch
et al [36], demonstrate that the stoichiometry of the trans-
port process is 3:1 for Na1-sulfate cotransport (Fig. 1),
leading to electrogenicity. NaSi-1-induced sulfate trans-
port is inhibited by thiosulfate, selenate, molybdate and
tungstate, whereas phosphate has no effect on this activ-
ity [30, 32, 38]. Moreover, we recently observed that
succinate and citrate are able to inhibit hNaSi-1 induced
sulfate transport, whereas succinate and oxalate are not
transported by hNaSi-1 (unpublished data). This sug-
gests that dicarboxylates can act as competitive inhibitors
for sulfate binding on NaSi-1, but are not direct sub-
strates for transport, in agreement with a recent study
showing the inability of rNaSi-1 to transport succinate
[34]. Finally, the absence of transport activity of l-argi-
nine, l-leucine or d-glucose by NaSi-1, the inability for
the anion-exchange inhibitor DIDS to block NaSi-1 ac-
tivity, and the lack of pH dependence [30, 31, 38], suggest
that NaSi-1 encodes a Na1-coupled sulfate transporter,
whose function correlates with the BBM Na1-dependent
symporter of proximal tubular cells [39].
Gene structure and localization. Recently, we have cloned
and characterized the mouse NaSi-1 gene, designated
Nas1 [32]. The Nas1 gene is a single copy gene comprising
15 exons and 14 introns spread over 75 kb without obvi-
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ous pattern of exon organization. The translation initia-
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Table 2. Comparison of the transport properties of rNaSi-1, mNaSi-1 and hNaSi-1
rNaSi-1
mNaSi-1 hNaSi-1
Oocytes Electrophys Oocytes Oocytes
Vmax for sulfate pmol/h 4362 — 49 64 18069
Km for sulfate mmol/L 0.6260.08 0.0960.03 0.2060.06 0.3160.06
Vmax for sodium pmol/h 1761 — 15 61 2562
Km for sodium mmol/L 1763 71 611 2162 2462
Hill coefficient for sulfate 1 1 1 1
Hill coefficient for sodium 1.860.4 2.860.4 2.860.6 2.660.6
tion site is present in exon 1, and transcription initiation from a rat liver cDNA library and named Sat-1 for sulfate
occurs from a single site, 29 bp downstream to a TATA- anion transporter-1 [46]. When expressed in Xenopus oo-
box-like sequence. Superimposition of the Nas1 exon cytes, Sat-1 functions as a high affinity Na1-independent
boundaries on the mNaSi-1 protein secondary structure sulfate anion exchanger (Km for sulfate 5 0.14 mmol/L).
model shows that splicing mostly occurred near mem- Sat-1 mRNA is highly expressed in renal and liver tissues
brane/aqueous transitions, as was also observed with the and at lower levels in brain and skeletal muscle [46]. The
SGLT1 gene [40] and other genes encoding membrane rat renal Sat-1 cDNA has been isolated by homology
proteins, such as the murine band 3 [41], human skeletal cloning and is identical to the liver Sat-1 cDNA [27].
muscle sodium channel [42] and GLUT1, GLUT2 and We recently isolated a cDNA responsible for sulfate
GLUT4 facilitated glucose transporters [43]. In addition, transport in the rat brain that appeared to be identical
each mNaSi-1 predicted transmembrane segment is en- to the rat liver and kidney Sat-1 [47]. More recently, we
coded by a separate exon, with the exception of trans- identified the murine homolog of rat Sat-1 (unpublished
membrane domains 10 and 11, which are encoded by data). The rat (rSat-1) and mouse (mSat-1) Sat-1 cDNAs
the same exon (exon 13). encode proteins of 703 and 704 amino acids, respectively,
We recently mapped the Nas1 gene to mouse chromo- sharing 94% identity.
some 6 [32], close to marker D6Mit170, which has been Secondary structure prediction of the Sat-1 protein
assigned a map position of 4.0 cM (Mouse Genome Data- predicts the presence of 12 transmembrane segments
base). The mouse chromosome 6 region from centro- [46]. The NH2- and COOH-termini are predicted to be
mere to map position 28 cM is a region of conserved inside the cell [46]. As with NaSi-1, it should be noted
synteny with human chromosome 7. It contains 46 identi- that this model is based on hydrophobicity analysis and
fied genes whose human homologues map to chromo- that no direct experimental evidence for the existence
some 7, between region q14 to q35, suggesting that the of such membrane topology exists. The Sat-1 protein
human homologue of the Nas1 gene most likely resides contains three consensus sites for N-linked glycosylation,
in this region [32]. We later confirmed this hypothesis all predicted to be located on the extracellular side. Sat-1
by mapping the NAS1 gene to human chromosome 7,
also contains 11 potential protein kinase C phosphoryla-
close to marker D7S487, which was previously mapped
tion sites and no potential protein kinase A phosphoryla-to cytogenetic band 7q31-7q32 (unpublished data). Very
tion sites.recently, part of the human NAS1 gene was sequenced,
Na1-independent sulfate transporters family. In theand these data confirmed the above findings [44]. Inter-
last few years, several genes encoding putative sulfateestingly, other genes encoding sulfate transporters are
transporters have been identified sharing sequence ho-present in close proximity to NAS1 on chromosome 7.
mology with Sat-1. The DTDST gene was isolated byThe DRA gene, encoding a sulfate/chloride anion ex-
positional cloning from patients suffering from dia-changer was mapped on human chromosome 7q21-31.1
strophic dysplasia, an autosomal-recessive osteochon-[45]. The human SUT-1 gene, encoding a Na1-sulfate
drodysplasia, with clinical features including dwarfism,cotransporter, was mapped to 7q33, close to 7q32 [33].
spinal deformation and joint abnormalities [4]. The de-The proximity of other sulfate transporter genes in this
velopmental abnormalities in this disease appear to resultregion is of interest as regard to the potential importance
from deficient intracellular sulfate pools in chondrocytes,of this genomic region for sulfate homeostasis, and ques-
leading to the production of undersulfated proteogly-tions whether these genes could be coordinately regu-
cans. DTDST encodes a sulfate transporter protein thatlated in vivo.
shares 43% identity and 62% similarity with rSat-1 amino
Sat-1 transporter acid sequence. The murine [48] and rat [49] homologs
of the human DTDST have recently been isolated. TheCloning and structural properties. Using the same ex-
DRA gene was isolated from human large intestine andpression cloning strategy (Xenopus oocytes) as for NaSi-1,
the second functional sulfate transporter was isolated was found to be down-regulated in the majority of colon
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Fig. 3. Multiple sequence alignment of the sulfate transporters signature PROSITE pattern (PS001130) among Sat-1 homologues. Amino acid
number within the consensus pattern is indicated at the bottom of the alignment. Sequence alignments were made using the ClustalW and
MacVector programs.
adenomas and adenocarcinomas [50]. DRA shares some gest that Sat-1 encodes a sulfate/bicarbonate-oxalate ex-
changer (Fig. 1), whose function correlates with thehomology with rSat-1 (26% identity, 47% similarity) and
was found to function as a sulfate/anion exchanger when basolateral Na1-independent transporter of proximal tu-
bular cells [53].expressed in Xenopus oocytes [51]. A thyroid-specific
putative sulfate transporter, PDS, was cloned recently Sat-1 gene. The mouse Sat-1 gene is a small gene en-
compassing approximately 8 kb and containing 3 exons[45]. PDS is mutated in patients suffering from the Pen-
dred syndrome, an autosomal-recessive disorder with [54]. The Sat-1 gene has the rare characteristic to be
contained within and overlap a portion of another gene,features of congenital deafness and thyroid goitre [45].
PDS shares 44%, 29% and 27% amino acid sequence the a-L-iduronidase (Idua) gene [54, 55]. Sat-1 is en-
identity with DRA, DTDST and Sat-1, respectively. coded by one strand, whereas Idua is encoded by the
Based on this sequence homology, it was originally pro- other strand. The majority of the Sat-1 gene is comprised
posed that PDS could encode a sulfate transporter [45]. in intron II of Idua in the reverse orientation, and a
However, more recently PDS was sh own to encode portion of Sat-1 39 UTR overlaps with Idua exon II.
a chloride transporter devoid of any sulfate transport Recently, the human SAT-1 gene was sequenced and
activity [52]. analysis of its structure reveals the same organization
Homology searches of protein sequence databases (3 exons, 2 introns) as for the mouse Sat-1 gene [56].
with Sat-1 protein reveals significant homology to other Moreover, the overlap between the SAT-1 and IDUA
proteins found in mammals, plants, yeast and bacteria, human genes is conserved. The human IDUA gene
and functioning as sulfate transporters. A conserved mo- (hence, the SAT gene) was localized to chromosome
tif, known as the “sulfate transporters signature,” is pres- 4p16.3 [57].
ent in the N-terminal region (PROSITE PS001130). As
for the “Na1-sulfate signature” present in NaSi-1, the
PHYSIOLOGICAL REGULATION OF RENALexact function of this region is yet to be determined. It is,
SULFATE TRANSPORThowever, interesting to note that this motif is not con-
Renal proximal tubular reabsorption of sulfate needsserved as well in PDS as in the other mammalian trans-
to be regulated to fulfill its role in the overall sulfateporters, especially at position 1 and 14 (Fig. 3). Whether
homeostasis. To date, there is a limited amount of datathe variation of the “sulfate transporters signature” se-
available on the regulation of renal sulfate reabsorption,quence in PDS accounts for its different substrate specif-
and the molecular mechanisms involved in many of theseicity (chloride versus sulfate), remains to be established.
regulatory processes are mostly unknown. Early trans-Functional properties. The Sat-1 transporter has been
port studies in BBM vesicles proposed that the luminalidentified on the basis of its Na1-independent sulfate
Na1-sulfate cotransporter in the proximal tubule is re-transport function [46]. Sat-1 transports sulfate with a
sponsible for regulating plasma sulfate levels [58, 59].high affinity [38, 46], exchanging sulfate anions against
Indeed, presently available evidence suggests that thebicarbonate with a stoichiometry of 1:2 [53]. Sulfate
Na1-sulfate cotransporter NaSi-1 is mostly involved intransport mediated by Sat-1 is inhibited by oxalate and
regulating renal sulfate reabsorption. Almost no datathe anion exchange inhibitor DIDS but not by succinate
are available on the regulation of Sat-1 in physiology.or cholate [46]. These transport characteristics, the abil-
In the following, we summarize some recent data onity of Sat-1 to transport oxalate in addition to sulfate
the cellular and molecular mechanisms involved in the[27], and its immunolocalization to the basolateral mem-
brane of rat renal proximal tubular epithelial cells sug- control of renal sulfate transporter function.
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Vitamin D may influence the amount of inorganic sulfate available
for intracellular sulfatation of intracellular components,Several considerations raise the possibility that certain
such as proteoglycans, and contribute to producing someof the skeletal abnormalities seen in vitamin D deficiency
of the abnormalities observed in rickets and osteoma-could result from abnormal sulfate metabolism. First, a
lacia.number of the pathological features seen in 1,25(OH)2D
In a more recent study, we cloned and characterizeddeficiency states are not easily explained solely by changes
the Nas1 promoter gene [32]. In the Nas1 59-flankingin calcium and phosphate metabolism. Thus, although
sequence, three regions containing direct-repeat-like se-hypocalcemia and hypophosphatemia easily account for
quences similar to steroid-thyroid hormone-responsivethe impairment in mineral deposition typical of rickets
elements were found. Using promoter/reporter gene con-and osteomalacia [60], the disorganization of the chon-
drocyte columns seen in rachitic cartilage and the pres- structs, we showed that 1,25-(OH)2D3 was able to trans-
ence of abnormalities in the maturation of chondrocytes activate the Nas1 promoter in opossum kidney (OK) cells
[60, 61] are more difficult to attribute to this mechanism. coexpressing the VDR and hRXRa [32]. These data
Furthermore, changes in the physical properties of pro- suggest that the effect of vitamin D on sulfate homeosta-
teoglycan aggregates in rachitic rat bone [62], and a re- sis [65] may, at least in part, be mediated by a transcrip-
duction in sulfate fixation in the matrix of growth plate tional activation of the Nas1 gene by 1,25-(OH)2D3 and
cartilage in vitamin D deficient rats have also been re- its receptor.
ported [63], findings that are consistent with an abnormal
Thyroid hormone and glucocorticoidssulfate metabolism in 1,25(OH)2D deficiency. Finally,
the intestine and kidney, two of the principal target or- Thyroid hormone plays an important role in the matu-
gans for 1,25(OH)2D action, represent the most impor- ration of kidney growth and morphology [66] and can
tant tissues implicated in the regulation of extracellular modulate several transport processes in the kidney
concentrations of inorganic sulfate [64]. [67, 68]. Hyperthyroidism in humans is associated with
To investigate the effects of vitamin D status on sulfate elevated serum sulfate levels, and hypothyroidism is as-
homeostasis, we recently evaluated plasma sulfate levels, sociated with decreased serum sulfate concentrations [9].
renal sulfate excretion, and the expression of the renal Until recently, no information was available on the mo-
NaSi-1 and Sat-1 sulfate transporters in vitamin D defi- lecular mechanisms underlying these effects. Sagawa,
cient (D2D2) rats and in D2D2 rats rendered normocal- Murer and Morris recently reported that experimentally-
cemic by either vitamin D or calcium/lactose supplemen- induced hypothyroidism in rats led to a decrease of se-
tation [65]. D2D2 rats had significantly lower plasma rum sulfate levels and BBM Na1-dependent sulfate
sulfate levels and higher fractional renal sulfate excretion transport, and a decrease of NaSi-1 mRNA and protein
(3-fold) than control animals. Na1-dependent sulfate
content, with no change in membrane fluidity [69]. Subse-
transport in renal BBM vesicles, renal NaSi-1 cotrans-
quently, we identified a sequence (59-AGTTCAgaaTGT
port protein and mRNA content were also decreased in
CCT-39) in the promoter region of the Nas1 gene bearingD2D2 rats. Interestingly, the expression of Sat-1 (mRNA
strong resemblance to the consensus inverted repeat se-and protein) in the kidney and in the liver, and of NaSi-1
quence (5-9AGGTCA—TGACCT-39) of thyroid response(mRNA) in the ileum were not significantly changed
elements, which could have important biological signifi-by vitamin D deficiency (unpublished data). Vitamin D
cance [32]. Altogether, these observations suggest thatsupplementation resulted in a return to normal of plasma
hormonal regulation of sulfate homeostasis by thyroidsulfate levels, fractional sulfate excretion, and renal
hormone could possibly be mediated by transcriptionalNaSi-1 mRNA and protein. In contrast, when D2D2 rats
regulation of the Nas1 gene.were fed a diet supplemented with lactose and calcium,
Similarly, we observed the presence of five putativerenal sulfate excretion, NaSi-1 cotransport activity, pro-
glucocorticoid responsive elements in the Nas1 promotertein and mRNA abundance remained decreased, despite
region [32], which may also be of significant importancethe fact that these rats were normocalcemic, had lower
for Nas1 gene regulation and hormonal control of sulfatelevels of PTH, 25-(OH)D and 1,25-(OH)2D levels than
homeostasis. Indeed, glucocorticoids have been shownthe vitamin D supplemented groups.
to regulate renal Na1-sulfate cotransport at the BBMThese data demonstrate that vitamin D modulates re-
level [70]. Very recently, Morris and coworkers demon-nal NaSi-1 sulfate cotransport and sulfate homeostasis.
strated that administration of the glucocorticoid methyl-The ability of vitamin D status to regulate NaSi-1 appears
prednisolone to adrenalectomized rats increases the re-to be a direct effect, which is not mediated by the effects
nal clearance of inorganic sulfate, at least in part, dueof vitamin D on plasma calcium or parathyroid hormone
to down-regulation of NaSi-1 mRNA and protein expres-(PTH) levels. Thus, vitamin D status, by modulating renal
NaSi-1 cotransport, and thereby sulfate homeostasis, sion [71].
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Dietary sulfate intake FREAC-4 has recently been shown to be regulated by
the c-Ets-1 proto-oncogene [85]. Interestingly, a c-Ets-1The plasma sulfate concentration is maintained within
putative binding site was also found in the Nas1 promotera narrow range through renal sulfate clearance mecha-
region. Although the presence of these sites is interestingnisms. Early and more recent studies have suggested that
in view of NaSi-1 regulation during growth and develop-dietary sulfate content regulates renal sulfate transport
ment, their actual physiological relevance remains to be[72–75]. In response to a low sulfate diet, there is a
established.decrease of urinary sulfate excretion and an increase of
BBM Na1-dependent sulfate transport. Until recently, Other regulators
there was no information on the possible mechanisms
Renal reabsorption of sulfate has been shown to bemediating this adaptive response. Two concomitant stud-
regulated in vivo by a number of other factors [9]. Recenties recently showed that dietary sulfate modulates renal
studies have shown that the renal NaSi-1 cotransporterNa1-sulfate cotransport activity by regulating the expres-
is involved in the majority of these physiological alter-sion of NaSi-1 mRNA and protein [76, 77]. Sagawa and
ations of sulfate homeostasis. Regulation of the NaSi-1colleagues demonstrated that low sulfate intake (diet
cotransporter gene and protein has been demonstratedlow in the sulfur-containing amino acid methionine) led
in metabolic acidosis [86], chronic hypokalemia [87], mem-to an increase in both NaSi-1 mRNA and protein, sug-
brane fluidity [88] and ibuprofen administration [89].gesting that maintenance of sulfate homeostasis by renal
It is interesting to point out that NaSi-1, in contrastreabsorption is obtained by an up-regulation of steady
to the renal sodium-phosphate cotransporter Npt2, isstate levels of NaSi-1 mRNA and protein when the diet
not regulated by parathyroid hormone.is low in sulfate [76]. Markovich and colleagues showed
that adaptation to a high sulfate diet is accompanied by
a decrease in renal cortical NaSi-1 mRNA abundance, PATHOPHYSIOLOGY OF RENAL
resulting in reduced expression of the NaSi-1 protein in SULFATE TRANSPORTERS
the renal BBM [77]. In addition to the physiological regulatory mecha-
nisms serving to adjust BBM Na1-dependent sulfate
Growth and development
transport to the needs of sulfate homeostasis, pathophys-
Renal NaSi-1 mRNA and protein content were re- iological alterations in renal handling of sulfate are also
cently found to be lower in aged rats than in younger rats, known. We would like to discuss very briefly two com-
and were increased in both adult and aged rat following pletely different phenomena that have been studied re-
growth hormone (GH) treatment [78]. These results sug- cently: heavy metal-induced nephrotoxicity and chronic
gest that NaSi-1 may be, at least in part, regulated by cir- renal insufficiency.
culating GH concentrations. These data are consistent
Heavy metalswith earlier observations showing that renal reabsorption
of sulfate is greater in young animals [79, 80], which is Chronic exposure of heavy metals, such as mercury
due to an increased capacity for Na1-dependent sulfate (Hg21), cadmium (Cd21), lead (Pb21) and chromium (Cr61)
cotransport in renal BBM [80, 81]. Another recent study leads to nephrotoxicity and hepatotoxicity. Apart from
also showed that NaSi-1 mRNA, but also Sat-1 mRNA, causing cellular necrosis, heavy metals have been shown
were up-regulated in the first two weeks of life in rats [82]. to alter a number of reabsorptive processes in the kidney,
Our recent study on the Nas1 gene may allow some causing proteinuria, glucosuria, aminoaciduria, as well
light to be shed on the mechanisms involved in Nas1 as calciuria, phosphaturia and sulfaturia [90–92]. Two
expression during development and differentiation [32]. recent studies showed that both NaSi-1 and Sat-1 sulfate
Multiple binding sites for Sox-5, a transcription factor transporter activities are affected by heavy metals
that has critical roles in the regulation of numerous de- [93, 94]. Mercury strongly inhibited NaSi-1 transport ir-
velopmental processes, were found in the Nas1 promoter reversibly by reducing both Vmax and Km for sulfate,
region. Similarly, it is interesting to note the presence whereas the Vmax of Sat-1-mediated sulfate transport was
of potential binding sites for USF (upstream stimulating reduced by eight-fold but not its Km. Lead inhibited
factor), a ubiquitous factor involved in development, and NaSi-1-mediated sulfate transport reversibly by decreas-
HNF-4 (hepatic nuclear factor 4), a thyroid hormone ing Vmax but not Km for sulfate, whereas Sat-1 activity was
receptor-like factor expressed in kidney from day 10.5 not affected by lead. Cadmium showed weak reversible
p.c. and involved in development. In addition, two poten- inhibition of both NaSi-1 and Sat-1 transport by decreas-
tial binding sites for FREAC-4, a transcription factor ing only their Vmax values. The weak inhibition of NaSi-1
predominantly expressed in kidney [83] and having im- activity is in agreement with another study showing ab-
portant roles in embryonic development and regulation sence of regulation of NaSi-1 protein in renal BBM vesi-
cles by cadmium [95]. Chromium strongly inhibited bothof tissue-specific gene expression [84, 85], were found.
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NaSi-1 and Sat-1 transport by reducing Km for sulfate CONCLUSION
by seven-fold, most probably due to the strong structural In recent years molecular tools have become available
similarity between the chromate (CrO224 ) and sulfate for the study of renal proximal tubular sulfate reabsorp-
(SO224 ) anions [93, 94]. These data suggest that heavy tion. The use of these tools have enlarged our knowledge
metal-induced sulfaturia results from inhibition of both considerably on the cellular and molecular mechanisms
NaSi-1 and Sat-1 sulfate transporter activity. involved in the physiological and pathophysiological reg-
ulation of sulfate homeostasis. Many recent studies dem-Chronic renal insufficiency
onstrated that the NaSi-1 cotransporter plays a major role
It has long been known that hypersulfatemia, like hy- in sulfate homeostasis by modulating the renal reabsorp-
perphosphatemia, occurs in chronic renal failure (CRF). tion of the anion. Sat-1 could also contribute to the mainte-
Plasma sulfate concentrations can increase eight-fold in nance of sulfate homeostasis, although few data are avail-
patients with severe reductions in glomerular filtration able on the regulation of this transporter in health and
rate and may exceed 2.5 mmol/L. Although, the clinical disease. Finally, the newly available tools should permit
sequelae of hypersulfatemia in CRF are unknown, chronic a determination of the possible contribution of abnormali-
hypersulfatemia, like hyperphosphatemia could contrib-
ties in sulfate metabolism to the pathogenesis of humanute to the abnormalities of calcium metabolism observed
diseases.in CRF and hence to the pathogenesis of renal osteodys-
trophy. Indeed, an increase in calcium excretion has been
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